Purpose: To investigate the potential influence of additional copy number variants in patients with 15q24 rearrangements and the possible underlying mechanisms for these rearrangements. Methods: Oligonucleotide-based chromosomal microarray analyses were performed, and the results were subsequently confirmed by fluorescence in situ hybridization analyses. Long-range polymerase chain reaction amplification and DNA sequencing analysis were used for breakpoint junction sequencing. Results: We describe a 15-year-old boy with cognitive impairment and dysmorphic features with deletions in 15q24 and 3q21, a 2-month-old female infant with growth deficiency, heterotaxy, cardiovascular malformations, intestinal atresia, and duplications in 15q24 and 16q22, and a 3.5-year-old boy with developmental delay, microcephaly, and dysmorphic features, with duplications in 15q24 and 2q36.3q37.1. Breakpoint sequencing for the 15q24 deletion in the first patient revealed microhomology and suggested the underlying mechanism of either nonhomologous end joining or fork stalling and template switching/microhomology-mediated break-induced replication. Conclusions: The three described patients with 15q24 rearrangements have copy number variants at other loci and exhibit additional clinical features with a more severe phenotype than that observed in previously reported patients with isolated 15q24 rearrangements, suggesting that the genomic mutational load may contribute to the phenotypic severity and variability in patients with 15q24 rearrangements. Genet Med 2010:12(9):573-586.
rangements can be recurrent, with clustering of breakpoints resulting in deletions and reciprocal duplications as observed in rearrangements of 15q13.3, 15q24, and 17p11.2, 4 -10 or nonrecurrent, with distinct breakpoints for each event as in PLP1 duplication, MECP2 duplication, and 17p13.3 deletions and duplications. [11] [12] [13] [14] Recurrent rearrangements are primarily mediated by nonallelic homologous recombination (NAHR) between paralogous low-copy repeats (LCRs). Alternative mechanisms have been proposed for nonrecurrent rearrangements, including nonhomologous end joining (NHEJ) and fork stalling and template switching (FoSTeS)/microhomology-mediated break-induced replication (MMBIR). [15] [16] [17] [18] Microdeletions in 15q24 were initially reported in four patients with common clinical features, and it was suggested that this represents a distinct clinical syndrome. 7 To date, 15q24 deletions have been identified in 15 patients with the following shared clinical features: cognitive impairment, growth deficiency, genital anomalies, skeletal deformities, and characteristic facial features. 7,19 -23 The majority of 15q24 deletions have breakpoints that localize to LCR regions and are mediated by NAHR. Initially, three LCR clusters were identified and designated as BP1, BP2, and BP3. 7 Subsequently, two further paralogous LCR clusters were recognized based on the analysis of additional patient breakpoints, and it was suggested the nomenclature be modified to LCR15q24A, LCR15q24B, LCR15q24C, LCR15q24D, and LCR15q24E. 22 The 15q24 deletions range from ϳ1.7 to 6.1 Mb with a smallest region of overlap (SRO) of ϳ1.2 Mb, which spans the region from LCR15q24B (BP1) to LCR15q24C (Fig. 1, Table 1 ). 23 Two patients exhibiting cognitive impairment, skeletal deformities, and dysmorphic facial features have been reported to have 15q24 duplications whose breakpoints localized to the LCR regions and include an SRO of ϳ1.2 Mb, which is reciprocal to that of the 15q24 deletions ( Fig. 1, Table 2 ). 8, 22 Multiple clinically relevant copy number variants (CNVs) can coexist in the same individual, 24 and it has been suggested that diseases can result from a combination of CNVs inherited from two parents, in each of whom the uncombined variant did not meet the mutational burden necessary to cause disease. 25 This hypothesis was supported by the observation that patients with 16p12.1 microdeletion are more likely to carry additional CNVs, and the clinical features of individuals with two rearrangements are distinct from and/or more severe than those of individuals carrying only one of the two rearrangements. 26 In this report, we describe three patients each with 15q24 rearrangement and an additional CNV. We review previously reported patients with 15q24 rearrangements and discuss the possible underlying mechanisms for such genomic rearrangements, the candidate genes present in the SRO, and the potential influence of genomic mutational load on phenotype.
MATERIALS AND METHODS

Array CGH
Array CGH analysis was performed at the Medical Genetics Laboratories, Baylor College of Medicine. Informed consent was obtained, as approved by the Baylor College of Medicine Institutional Review Board for Human Subject Research. DNA was extracted from whole blood using the Puregene DNA extraction kit (Gentra, Minneapolis, MN) according to the manufacturer's instructions.
The oligonucleotide-based Chromosomal Micro-Array version 7 (CMA V7 OLIGO) uses array CGH with ϳ105,000 oligonucleotides covering the whole genome at an average resolution of 30 kb and with increased coverage at known disease loci. The oligonucleotides were selected through a combination of mechanistic informed design, bioinformatics, computation, and empirical methods. The array also includes six regions of known polymorphic variants. 22 The procedures for DNA digestion, labeling, and hybridization were performed according to the manufacturer's instructions, with some modifications. The slides were scanned into image files using a GenePix Model 4000B microarray scanner (Molecular Devices, Sunnyvale, CA) or an Agilent G2565 laser scanner, after which the image files were quantified using Agilent Feature extraction software (version 9.0). Text file outputs from the quantitation analysis were imported to our in-house package for copy number analysis. 27 
Cytogenetic and fluorescence in situ hybridization analyses
Confirmatory chromosome and fluorescence in situ hybridization (FISH) analyses using bacterial artificial chromosome clones were performed on peripheral blood lymphocytes using standard procedures after detection of copy number changes observed on the CMA. 28 El-Hattab et al. 22 Van Esch et al. 20 Klopocki et al. 19 Sharp et al. 7 Case 1 Masurel-Paulet et al. 21 Case 1 Foot deformities include clubfeet, pes planus, or pes cavus. M, male; F, female; MR/DD, mental retardation and/or developmental delay; IUGR, intrauterine growth restriction; CC, corpus callosum; VSD, ventricular septal defect; ADHD, attention-deficit hyperactivity disorder; GH, growth hormone; ALL, acute lymphoblastic leukemia; MMC, myelomeningocele.
Table 1 Continued
El-Hattab et al. 22 Van Esch et al. 20 Klopocki et al. 19 Sharp et al. 7 Case 1 
Long-range polymerase chain reaction amplification and DNA sequencing analysis
We designed inward facing primers to amplify deletion breakpoint junctions. Long-range polymerase chain reaction was conducted using TaKaRa LA Taq polymerase, and polymerase chain reaction products that potentially contained breakpoint junctions were submitted to SeqWright DNA Technology Services (Houston, TX) for sequencing by the Sanger dideoxy method. 12, 16 DNA sequences were analyzed by comparison with reference sequences using the University of California Santa Cruz (UCSC) Genome Browser (hg18 assembly; http://genome.ucsc.edu/cgi-bin/hgGateway).
RESULTS
Clinical description
Patient 1 is a 15-year-old boy whose mother was 21 years old at the time of conception. The pregnancy was complicated by oligohydramnios. He was born at term with a birth weight of 3.5 kg (50th percentile). The neonatal examination revealed hypotonia and undescended testes. A gastrostomy tube was placed during infancy because of feeding difficulties and failure-to-thrive. In early childhood, he developed asthma, chronic constipation, recurrent otitis media, and bilateral sensorineural hearing loss. At 10 years of age, an echocardiogram revealed ventricular septal defect and rhabdomyoma. In addition, he was diagnosed with gallstones at this time. He is cognitively impaired, has very limited vocabulary, and communicates through sign language. A developmental assessment at the age of 11 years revealed profound mental retardation, and he was additionally diagnosed with obsessive compulsive disorder, attention-deficit hyperactivity disorder, and vocal and motor tics. A brain magnetic resonance imaging at the age of 12 years showed focal cortical dysplasia in both frontal lobes. His physical examination revealed normal growth parameters, hypotonia, and dysmorphic facial features ( Fig. 2A) . The skeletal examination revealed an asymmetric chest with a wide internipple distance, scoliosis, joint hypermobility, and digital anomalies, including brachydactyly, small proximally placed thumbs, bilateral single transverse palmar crease, sandal gap sign, small feet with overriding toes, 2-3 toe syndactyly, and bulbous appearance to the tip of the toes. The examination of the patient's skin showed a large café au lait spot on his left wrist, a hypopigmented area on left trunk, and keratosis pilaris. Both parents have been healthy. Patient 2 is a 2-month-old female infant who presented with heterotaxy, cardiovascular malformations, and intestinal atresia, and whose mother was 22 years old. Prenatal sonogram was concerning for bowel obstruction, heart defect, and intrauterine growth retardation. She was born at 39-weeks gestational age with a weight of 1.33 kg, height of 40 cm, and head circumference of 29 cm (all below the third percentile). Newborn examination showed a flat philtrum, puffy eyelids, and sacral dimple. An echocardiogram revealed dextrocardia with atrial septal defects, ventricular septal defect, patent ductus arteriosus, pulmonary stenosis, bilateral superior vena cava, and left-sided inferior vena cava. An abdominal ultrasound revealed asplenia and hydronephrosis, whereas a spinal sonogram revealed a subarachnoid cystic mass at L1/L2. A barium enema indicated the absence of the distal ileum with microcolon, and exploratory laparoscopy showed microcolon, malrotation, and atretic small bowel attributed to an in utero volvulus. Small bowel resection with anastomoses and gastrostomy tube placement were performed during the first week of life. Subsequently, she developed neonatal diabetes, short bowel syndrome, failure-to-thrive, total parenteral nutrition-induced cholestasis, and liver failure. She remained hospitalized from birth, and at the age of 7 months, she developed sepsis and respiratory failure and died. Although her mother has been healthy, her father had a congenital heart disease with no further clinical information about its nature.
Patient 3 is a 3.5-year-old boy born to a 29-year-old woman whose pregnancy was complicated by cocaine abuse and ges- Fig. 2 . A, Patient 1 with facial features including high forehead with high anterior hair line, long narrow face with bitemporal narrowing, flat midface, right-sided facial hemihypertrophy, down-slanting palpebral fissures, epicanthal folds, upper eyelid fullness, depressed nasal bridge and broad nasal base, elongated nose with bulbous nasal tip, protuberant, cupped, low set, and posteriorly rotated ears, small mouth, prognathism, smooth philtrum, and full lower lip. In addition, the patient has a high-arched palate with crowded teeth, hypodontia (bilateral absence of canines), and square small teeth (not shown in the picture). B, Patient 3 exhibiting micrognathia, a broad nasal bridge, a bulbous nose, a long philtrum, and a thin upper lip. tational diabetes. He was born at term with a birth weight of 4.2 kg (90th percentile). Beginning in early infancy, he was noted to be hypotonic and developmentally delayed. He developed recurrent otitis media, an umbilical hernia, chronic constipation, and two episodes of bronchiolitis. He has motor and speech delay, started walking at 17 months, and at the time of this report uses only four words. A hearing test was normal, whereas a brain magnetic resonance imaging at 2 years of age revealed delayed myelination of subcortical white matter and a thin corpus callosum. Physical examination indicated that the patient was microcephalic and hypotonic with a sacral dimple and characteristic facial features (Fig.  2B) . His mother has mild mental retardation and depression. His father is 34 years old and has mild mental retardation, depression, and attention-deficit hyperactivity disorder. Fig. 3, A and B . FISH analysis revealed that the father carries the 15q24 duplication, whereas high-resolution chromosomal analysis showed that the mother carries the 2q36.3q37.1 duplication. The genomic rearrangements in the three patients and their parents are summarized in Figure 4 .
Molecular analysis
The 15q24 duplication in Patient 2 includes the SRO and its breakpoints localize to the following LCR regions: LCR15q24A (BP4) and LCR15q24C. The 15q24 duplication in Patient 3 is ϳ0.4 Mb in length and spans part of the SRO. The 15q24 deletion in Patient 1 includes the SRO; however, its breakpoints do not localize to the LCR regions (Fig. 1) . To investigate the possible mechanisms for the 15q24 deletion in this patient, we searched for potential junctional homology by aligning the genomic sequences of 10,000 nucleotides surrounding the proximal and distal breakpoints (5,000 on each side) using the NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and did not identify any additional LCR regions or sequence similarities in the regions surrounding the breakpoints. Subsequently, we sequenced the breakpoints and identified one base-pair microhomology at the junction site (Fig. 3C) .
DISCUSSION
To date, 15 patients have been reported with 15q24 deletion syndrome. All of them exhibit cognitive impairment, which is mild to moderate in the majority of the patients. Other common features include growth deficiency, hypotonia, and genital anomalies, such as hypospadias, microphallus, and cryptorchidism. Skeletal deformities have been observed in the majority of the cases and include joint laxity, kyphoscoliosis, small hands with brachydactyly, clinodactyly, thumb deformities including proximally placed, broad, short, and hypoplastic thumbs, and foot deformities including clubfeet, pes planus, and pes cavus. Common facial features include high forehead and anterior hair line, facial asymmetry, long faces, down-slanting palpebral fissures, epicanthal folds, hypertelorism, broad medial eyebrows, broad nasal bases, depressed nasal bridges, long smooth philtra, full lower lips, small mouths, high-arched palates, and ear malformations. Strabismus, hearing loss, café au lait spots, hyperactivity, feeding difficulties, and inguinal and umbilical hernias represent some of the less common findings in these patients. Additionally, brain malformations, such as anomalies of the corpus callosum, and major birth defects, such as diaphragmatic hernias, Tetralogy of Fallot, meningomyelocele, and bowel atresia, have been observed (Table 1) .
The 15q24 deletions range from ϳ1.7 to ϳ6.1 Mb with an ϳ1.2-Mb SRO (Fig. 1) . The SRO is a gene-rich genomic region that includes the gene encoding the cholesterol side-chain cleavage enzyme (CYP11A1), which is associated with lipoid congenital adrenal hyperplasia, an autosomal recessive disorder. 29 It has been suggested that haploinsufficiency of CYP11A1 may contribute to the genital abnormalities in patients with 15q24 deletion syndrome. 19 Two genes in the SRO can potentially play roles in brain development and may contribute to the cognitive impairment observed in these patients. Semaphorin 7A (SEMA7A) enhances central and peripheral axon growth, and it is required for proper axon tract formation during embryonic development, 30 whereas complexin 3 (CPLX3) is a positive regulator of neurotransmitter release in mouse hippocampal neurons. 31 Haploinsufficiency of the ARID3B and STRA6 genes may contribute to the cardiovascular malformations, diaphragmatic hernias, and other congenital malformations observed in patients with 15q24 deletion syndrome. The ARID3B gene encodes a member of DNA-binding proteins involved in transcription regulation and in embryonic development. 32 Cardiovascular malformations have been observed in ARID3B-null mice embryos. 33 The STRA6 gene encodes the plasma membrane receptor for retinol-binding protein, which mediates cellular uptake of vitamin A. 34 Homozygous loss-of-function mutations in STRA6 have been associated with syndromic microphthalmia, cardiovascular malformations, and diaphragmatic hernias. 35, 36 The loss of the two in cis-oriented genes SIN3A and CSK may lead to an increased risk of neoplasia. SIN3A encodes a component of the histone deacetylase complex, which interacts with tumor suppressor proteins, such as p53 and pRb. 37 Cytoplasmic-src tyrosine kinase (CSK) downregulates the tyrosine kinase activity of the SRC oncoprotein and might function as an antioncogene. 38 Patient 1, as described earlier, has deletions in both 15q24 and 3q21. He presented with many of the features observed in 15q24 deletion syndrome, including mental retardation, hypotonia, cryptorchidism, skeletal abnormalities including thumb deformities, and characteristic facial features, such as a high forehead with high anterior hair line, facial asymmetry, long face, down-slanting palpebral fissures, epicanthal folds, depressed nasal bridge, smooth philtrum, full lower lip, small mouth, high-arched palate, and ear malformations. He also exhibited features that had not been previously observed in patients with 15q24 deletion syndrome, including gallstones, rhabdomyoma, and frontal lobe cortical dysplasia (Table 1) . Additionally, although most patients with 15q24 deletion exhibit mild to moderate mental retardation, he presented with profound mental retardation. The more severe phenotype and additional features exhibited by this patient may be explained by the effect of the additional CNV present at 3q21. The ϳ4.5 Mb deleted region in 3q21 encompasses ZNF148, PLXNA1, and KALRN genes that may play roles in transcription regulation and brain development, and thus their dosage alteration may contribute to the cognitive impairment and the brain malformation observed in this patient. The ZNF148 gene encodes a zinc finger protein (ZNF). ZNFs interact with DNA to regulate transcription. 39 -41 In addition, ZNF148 may play a role in the activation of p53, which has a vital role in cell-cycle regula-tion. 42 The PLXNA1 gene encodes the transmembrane protein, plexin-1, which forms a complex with neuropilin-1 (NRP1). The resulting NRP1/PLXN1 complex functions as a receptor for SEMA3A, which assists in guiding axon and dendrite development, as well as in controlling neuronal migration in the central nervous system. [43] [44] [45] [46] The KALRN gene encodes Kalirin, which exhibits a complex expression pattern during brain development and may be important for the development of neuritic processes and dendrites. [47] [48] [49] An overlapping ϳ6.9 Mb isolated deletion in 3q21 has been reported in a girl with mental retardation, short stature, craniosynostosis, skeletal deformities, precocious puberty, pancytopenia, and dysmorphic features. 50 Moreover, the 15q24 deletion in Patient 1 extends beyond the SRO. Some genes, including PML, NRG4, and ISL2, are located in the deleted region outside of the SRO and may play relevant roles in transcription regulation, signal transduction, and brain development. Therefore, the loss of such genes may contribute to the observed additional phenotypic features. The PML gene encodes the promyelocytic leukemia protein (PML), which is a tumor suppressor protein essential for the formation of a nuclear structure known as the PML-nuclear body (PML-NB). PMLNBs have been implicated in various cellular functions, including transcription regulation, apoptosis, cellular senescence, DNA-damage response, inhibition of cellular proliferation, and maintenance of genomic stability. 51, 52 The NRG4 gene encodes neuregulin 4, which activates growth factor receptors to initiate cell-to-cell signaling through tyrosine phosphorylation. 53 The ISL2 gene encodes a transcription factor that is expressed in spinal motor neurons with a potential role in the development of motor neurons and retinal ganglion cells. 54, 55 As previously stated, Patient 2 was found to have duplications in both 15q24 and 16q22 and presented with multiple congenital malformations that were not observed in the previously reported cases with 15q24 duplications ( Table 2 ). The ϳ2.4 Mb duplicated region of 16q22 encompasses genes that may regulate transcription and signal transduction and potentially contribute to the observed phenotype when their dosage is altered. These genes include ZNF19, ZNF821, VAC14, and HYDIN. The ZNF19 and ZNF821 genes encode ZNFs. 39 -41 The VAC14 gene encodes an activator for the enzyme phosphatidylinositol-3-phosphate 5-kinase, which synthesizes phosphatidylinositol 3,5-bisphosphate. Therefore, VAC14 may play a role in regulation of phosphatidylinositol 3,5-bisphosphate synthesis, intracellular membrane homeostasis, and intracellular trafficking. 56 -58 Interestingly, Vac14 knockout mice were reported to die early in life because of massive neurodegeneration that was speculated to be the result of defects in the metabolism of phosphatidylinositol phosphate. 58 Another gene in this region, HYDIN is the ortholog of the mouse Hydin gene. Hydin is expressed in the mouse's developing choroid plexus and ependymal cells. Spontaneous autosomal recessive mutations in mice were found to cause lethal communicating hydrocephalus with perinatal onset. 59 Furthermore, it has been suggested that HYDIN could be involved in brain development and head size determination. 60 An overlapping 16q22 duplication to the one seen in Patient 2 has been reported in a 10-year-old male child with an ϳ6.1-Mb de novo duplication of 16q22.1q23.1 who presented with developmental delay, growth deficiency, mild hypotonia, seizures, cryptorchidism, vesicoureteric reflux, skeletal deformities, and dysmorphic facial features. 61 Patient 2 also showed developmental delay and growth deficiency. Nevertheless, she did not exhibit any of the other features observed in the previously described patient with the ϳ6.1-Mb duplication of 16q22.1q23.1. The heterotaxy, complex cardiovascular malformations, and intestinal atresia observed in Patient 2 were not observed in patients reported to have either the 15q24 or the 16q22 duplications, nor were they observed in her mother, who carries the 16q22 duplication, or her father, who carries the 15q24 duplication. The presence of both genomic rearrangements is a possible explanation for the more severe clinical phenotype in this patient. Both of the genomic rearrangements, the ϳ2.3 Mb duplication of 15q24 and the ϳ2.4 duplication of 16q22.1q22.3, are comparable in size, and each contains many genes that could potentially have phenotypic consequences when their dosage is altered. Therefore, it is difficult to speculate whether one of these two rearrangements played a more significant role than the other.
Patient 3, with duplications in both 15q24 and 2q36.3q37.1, exhibited developmental delay, hypotonia, abnormalities of the corpus callosum, microcephaly, and certain facial features ( Table  2 ). The ϳ6.6 Mb 2q36.3q37.1 duplication may contribute to the phenotype because this region contains genes that are important for brain development and transcription regulation, including DNER, NGEF, and SP110. The DNER gene encodes the delta-and notchlike epidermal growth factor-related receptor (DNER), which is expressed in the mouse brain and may play roles in the development of dendrites and axons. 62, 63 The NGEF gene encodes the neuronal guanine nucleotide exchange factor, which is expressed in both human and mouse brains with stronger expression during early stages of development, suggesting that it has potential functions in differentiation. 64 The SP110 encodes a nuclear body protein associated with the PML-NB, which may be involved in transcription regulation. 51, 52, 65 The genomic rearrangements in Patient 3 were inherited from both of his parents, with the father carrying the 15q24 duplication and the mother carrying the 2q36 duplication. Both parents have mild mental retardation. Nevertheless, the hypotonia, corpus callosum abnormalities, and microcephaly, seen in Patient 3, were not reported in his parents, or in any of the previously reported patients with isolated 15q24 duplications. Once again, the presence of two genomic rearrangements may be responsible, at least in part, for these additional clinical features. On the basis of the size differences (ϳ0.4 Mb for the 15q24 duplication and ϳ6.6 Mb for the 2q36.3q37.1 duplication) and the gene contents of these two genomic regions, one might argue that the duplication on chromosome 2q36.3q37.1 can play a more significant role than the one assigned to the 15q24 duplication in this patient. Similar duplications involving only bands 2q36 and 2q37 have not been reported previously. However, larger 2q33q37 duplications have been reported in two patients with developmental delay, growth deficiency, and characteristic facial features. 66, 67 A 13-month-old female infant with a de novo duplication of 2q33q37.3 presented with developmental delay, microcephaly, and characteristic facial features, including frontal bossing, down slanting palpebral fissures, hypertelorism, a broad and flat nasal bridge, long philtrum, high-arched palate, micrognathia, overfolded helices, and a short neck, 66 whereas a 5-month-old boy with a de novo duplication of 2q33.1q37.1 exhibited growth deficiency, developmental delay, atrial septal defect, dysplastic kidneys, hypotonia, undescended testicles, and dysmorphic features, including hypertelorism, low nasal bridge, iris coloboma, posteriorly rotated ears, short nose, long philtrum, micrognathia, and midface hypoplasia. 67 Patient 3 exhibits the microcephaly, retrognathia, and long philtrum observed in those two patients.
The more severe phenotype with additional features in the three patients with 15q24 rearrangements described in this report may support the notion that the number of genomic rearrangements in an individual (the genomic mutational load) plays an important role in the phenotypic severity and variability. 24, 25 However, other factors may contribute to the phenotype, including the differences in the size of the 15q24 rearrangement, the localization of the breakpoints, which could lead to the disruption of genes or sequences with significant functions or the unmasking of recessive mutations in critical genes present in the intact homologue because of the observed deletion. 68, 69 The concept of genomic mutational load can affect genetic counseling regarding CNVs inherited from healthy parents that seem to be of no clinical consequences. The fact that a CNV is transmitted from a healthy parent does not rule out the pathogenicity of that CNV in the proband, because it may be present in conjunction with other CNVs, and the combination of two or more CNVs may provide a mutational burden substantial enough to cause disease. 24 -26 Therefore, when discussing the potential effects of CNVs that appear benign, counseling should include a discussion of concurrent CNVs and the potential for a combinatory effect.
Two patients with apparently reciprocal 15q24 duplications have been reported who shared multiple clinical features, including developmental delay, hypertonia, joint limitation, digital abnormalities, and certain facial features, which include down-slanting palpebral fissures, epicanthi, smooth philtra, and full lower lips. 8, 22 On the basis of the common features observed in those two patients, it was suggested that 15q24 duplications may result in a clinical syndrome. 22 Aside from developmental delay, Patients 2 and 3 in this report did not exhibit the clinical features observed in these two previously reported patients with 15q24 duplications (Table 2) . Therefore, at this point it is unclear whether 15q24 duplications result in a distinct clinical phenotype. Assessment of additional patients with 15q24 duplications will be necessary before drawing firm conclusions regarding the potential phenotypic consequences of such duplication.
At least three mechanisms for genomic rearrangements associated with genomic disorders have been proposed, including NAHR, NHEJ, and FoSTeS/MMBIR. 11, 15, 16 NAHR is mediated mostly by LCRs and accounts for most of the recurrent rearrangements. NHEJ is a double-stranded DNA break repair mechanism and can result in nonrecurrent genomic rearrangements that do not require sequence homology. NHEJ can result in microhomology, short insertions, or short duplications at the rejoining sites. 15 Other nonrecurrent rearrangements can be explained by the FoSTeS mechanism in which the DNA replication fork stalls and the lagging strand disengages from the original template, transfers and anneals to another replication fork, and restarts the DNA synthesis. The annealing or primer pairing depends on the microhomology between the transferred strand and the original site. Further molecular details have been provided in the MMBIR model wherein the fork stalling occurs by a collapsed fork, which is generated as the fork proceeds through a nick resulting in a one-ended doublestranded DNA. This one-ended double-stranded DNA is processed to expose a 3Ј-end followed by template switching to a new replication fork, priming de novo synthesis by microhomology, to initiate break-induced replication. 17, 18 Most of the 15q24 deletion and duplication breakpoints map to LCR regions, indicating that NAHR is the mediating mechanism. However, the deletion breakpoints in Patient 1 do not localize to LCR regions, and the microhomology identified in this nonrecurrent deletion by sequencing the junctions suggests either NHEJ or FoSTeS/MMBIR as potential mechanisms mediating such rearrangement.
In conclusion, concurrent CNVs may modify the clinical phenotype associated with 15q24 rearrangements supporting the hypothesis that the genomic mutational load may play an important role in phenotypic severity and variability. Conceptually, these findings could affect counseling regarding CNVs inherited from healthy parents. Although 15q24 microdeletion clearly represents a clinically distinct syndrome, further assessment of additional patients with reciprocal 15q24 duplications is needed before drawing conclusions about the effect of such duplication. Most of the 15q24 genomic rearrangements are mediated by NAHR; however, other mechanisms including NHEJ or FoSTeS/MMBIR may be responsible for a minority of these rearrangements. The SRO is gene-rich and harbors the CYP11A1, SEMA7A, CPLX3, STRA6, ARID3B, SIN3A, and CSK genes that may contribute to the phenotype for the genomic disorders involving 15q24.
